Fungi produce a wide range of extracellular enzymes to break down plant cell walls, which are composed mainly of cellulose, lignin and hemicellulose. Among them are the glycoside hydrolases (GH), the largest and most diverse family of enzymes active on these substrates. To facilitate research and development of enzymes for the conversion of cell-wall polysaccharides into fermentable sugars, we have manually curated a comprehensive set of characterized fungal glycoside hydrolases. Characterized glycoside hydrolases were retrieved from protein and enzyme databases, as well as literature repositories. A total of 453 characterized glycoside hydrolases have been cataloged. They come from 131 different fungal species, most of which belong to the phylum Ascomycota. These enzymes represent 46 different GH activities and cover 44 of the 115 CAZy GH families. In addition to enzyme source and enzyme family, available biochemical properties such as temperature and pH optima, specific activity, kinetic parameters and substrate specificities were recorded. To simplify comparative studies, enzyme and species abbreviations have been standardized, Gene Ontology terms assigned and reference to supporting evidence provided. The annotated genes have been organized in a searchable, online database called mycoCLAP (Characterized Lignocellulose-Active Proteins of fungal origin). It is anticipated that this manually curated collection of biochemically characterized fungal proteins will be used to enhance functional annotation of novel GH genes.
Introduction
Plant cell walls are composed mainly of cellulose, lignin and hemicellulose. This composite is often referred to as lignocellulose, and is the most abundant renewable resource that has the potential of replacing fossil fuels in the production of a wide spectrum of fuels, chemicals and materials. One of the key challenges facing the widespread use of lignocellulose for fuel and chemical production is in finding economically and environmentally sustainable solutions to the conversion of lignocellulose into sugar building blocks. The fungal kingdom encompasses tremendous genetic diversity, and by virtue of secreted enzymes many of its members are potent decomposers of plant cell walls. Glycoside hydrolases (GH) are the most diverse group of enzymes used by microbes in the degradation of biomass. Over a hundred GH families have been classified to date (1) (2) (3) (4) (5) . Many of them are responsible for the hydrolysis of the carbon-oxygencarbon bonds that link the sugar residues in cellulose and hemicelluloses (6, 7) . Although aided by other enzymes, it is the glycoside hydrolases that degrade the main chains of these polysaccharides, thus potentially having the greatest impact on the conversion of lignocellulose. The discovery of efficient glycoside hydrolases and the development of optimal combinations of these enzymes are two important approaches in reducing the cost of bioconversion.
To support the discovery of novel biomass-degrading enzymes, an increasing number of genomes of lignocellulolytic fungi are being sequenced (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . This has resulted in numerous sequences, which are mostly annotated electronically or are without annotation. Current databases do not distinguish biochemically characterized data from electronically annotated data. Running a query sequence against one of these databases results in a long list of hits ranked according to highest percentage identity and coverage. Results must be sorted and individually evaluated to determine those electronically annotated from those whose function had been determined experimentally. To make the annotation process accurate and efficient, it is important to be able to easily link sequence information with the biochemically characterized properties of closely related sequences.
In this study, we have curated and annotated a comprehensive set of fungal genes encoding characterized GH family enzymes. This data set forms the basis of a searchable database of genes and their gene products, along with experimentally characterized biochemical properties, which is meant to be an ongoing, collaborative tool for fungal genome annotation and enzyme discovery.
Methods

Defining characterized glycoside hydrolases
For the purpose of this study, the term 'characterized glycoside hydrolase' refers to a protein that has satisfied the following criteria: (i) the gene sequence has been deposited in a public repository; (ii) the gene product has been assayed for a specific GH activity; and (iii) biochemical properties of the gene product have been reported in a peer-reviewed journal.
Literature survey
The EC Explorer on BRENDA [The Comprehensive Enzyme Information System (20) ], http://www.brenda-enzymes.org/, was used as a guide for the different types of GH activities. The EC number 3.2.1, representing GH family enzymes, was selected on the Explorer. Under each 3.2.1.X, the table with the first column entitled 'Organism' was used as the starting point for collecting literature. Only literature associated with organisms of fungal origin were investigated further.
BRENDA provides either a direct link to the article on PubMed or cites the original publication. In the latter case, the Google Scholar 'Advanced Search' <http:// scholar.google.com/advanced_scholar_search> was used to obtain the article of interest from another online resource. If an article was unobtainable through either PubMed or Google Scholar, a hard copy was ordered through an interlibrary loan system using the citation provided by BRENDA.
Once BRENDA was exhausted as a resource, PubMed was used. 'MyNCBI' was used to filter searches, keep track of the results and email to the curator any new additions that met the saved search criteria. Keyword searches were used to find articles of interest on PubMed. Each GH activity type listed on BRENDA was used as a keyword. Filters and limits were used to narrow the search results down to characterized enzymes of fungal origin.
Finding the sequence associated with the literature
If the sequences were available on GenBank (21), PubMed provided links to the gene and protein pages associated with the article. For articles from other sources and those PubMed articles without links to GenBank, the full text was searched for a sequence accession number and the associated database. For example, articles about glycoside hydrolases from the fungus Rhizopus oryzae usually refer to gene or protein identifiers from the Fungal Genome Initiative at the Broad Institute.
In some articles, the whole amino acid sequence was published but without an accession number. In these cases, the sequence was entered into BLASTp to search for a sequence ID in the appropriate database. UniProt (22) and GenBank were used as the default databases to search unless the species was known to have been sequenced by one of the major sequencing centers. A hit from the same organism having 100% identity and coverage with the query was considered a match.
On occasion, sequences were found by keyword search. Using the enzyme activity and name of the organism on GenBank or UniProt returned a list of hits. If the hit cited a published article of interest, the match was considered successful.
Cataloging characterized glycoside hydrolases of Fungal Origin
Data from published articles meeting our criteria of characterized glycoside hydrolases were organized in a spreadsheet format. The genes encoding the glycoside hydrolases were assigned unique identifiers. They were listed along the vertical rows and the data associated with the genes were recorded on the horizontal columns. Table 1 lists the titles of the columns included in the spreadsheet and the types of information described under each column. For the 'Literature' column, PubMed identification numbers (PMIDs) identified articles that described the characterization while literature that was not available on PubMed was identified by its DOI number or similar reference ID.
Assignment of standardized features
The Enzyme Commission (EC) and the Gene Ontology Project (GO) (23) <http://www.geneontology.org/index.shtml> developed EC numbers and GO terms, respectively. They are meant to standardize the functionality and characteristics of enzymes across all species. EC numbers were assigned based on the type of activity and substrate the enzyme acts on. GO terms are assigned based on the molecular function of the enzyme, the biological process that it acts in, and the cellular compartment where the enzyme is located.
Standardizing identifiers for genes and enzymes
Three-letter code for enzyme activity. In most of the articles, authors named genes using two-to three-letter 
Gene name
The assigned gene name based on the standardized naming convention adopted for this study (see 'Methods' section).
Species
The genus and species of the enzyme's natural host.
Strain
The strain of fungus used to obtain the gene and/or enzyme.
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Gene name The assigned gene name based on the standardized naming convention adopted for this study (see 'Methods' section).
6
Gene alias Any other names the gene is referred to in the literature or sequence databases.
Enzyme name
The name most commonly used to identify an enzyme of a specific activity type. ).
26
V max
The maximum velocity measured in U/mg at which an enzyme catalyzes a reaction. Reported in different ways, often as U/mg.
pH optimum
The pH at which enzyme activity is maximal highest.
pH stability
The pH range over which the enzyme is able to remain active. retains maximal activity (usually !80%) under the conditions defined in the paper 29 
Temperature optimum
The temperature (8C) at which enzyme activity is maximal.
30
Temperature stability The temperature (8C) beyond which the enzyme activity (usually !20%) is lost under the conditions defined in the study.
31
Isoelectric point (theoretical) The pI of the enzyme calculated from its amino acid composition.
32
Isoelectric point (experimental) The pI of the enzyme determined by isoelectric focusing. codes representing the activity of the encoded protein followed by an assigned number or letter to distinguish each one from others of the same function or from the same species. Sometimes, several different letter codes have been used for the same enzyme activity. For example, 'xyn' (24), 'xyl' (25) and 'xln' (26) have all been used to describe xylanases. In other cases, the same letter code was used for enzymes with different activities. For example, 'cel' has been used for endoglucanase (27) , xyloglucanase (28), b-glucosidase (29) and cellobiohydrolase (30) activities. To avoid confusion, we have adopted a single three-letter code for each enzyme activity; for example, xyn for endo-1,4-b-xylanase (xylanase). The most commonly used codes for GH family enzymes in the literature were adopted as the unique codes (Table 2 ). In the case of bifunctional enzymes, where two functional domains can clearly be discerned by sequence analysis, the three-letter code would start with 'z' followed by two letters representing the functional domains of the protein. An enzyme carrying an a-arabinofuranosidase domain and a xylosidase domain, for example, would be called 'zax'.
Gene name. The following format was used to standardize the assignment of gene names. The three-letter code of the enzyme activity is followed by a number, which represents the GH family to which the enzyme belongs. Finally, a letter is added to distinguish the different genes of the same species encoding the same enzyme function from the same family. If the gene name given in the literature included a letter, that letter was kept in the standardized name. If the given gene name included a number, it was converted to the corresponding letter. For example, xyn2 from GH family 11 would become xyn11B, while bgl5 from GH family 3 would have become bgl3E and so on. When the same gene name had been given to multiple genes from the same species and family, their sequences were aligned to make sure they were the same sequence. If the genes were found to encode different enzymes, the letter component of the gene name was assigned according to the publication date of the literature. Thus, the letter 'A' (or the first available letter if 'A' was taken) represents the enzyme with the earliest published characterization data.
Entry identifier. To make each gene entry unique, a naming method similar to that of UniProt was used. A five-letter code representing the natural host of the enzyme was added onto the end preceded by an underscore. The first three letters were used to represent the genus of the fungus, followed by two letters representing the species (Table 3) . For example, XYN11A_TRIRE would represent the GH11 xylanase gene, 'xynA', from Trichoderma reesei. If the letters were the same for different species, Penicillium janthinellum and Penicillium janczewskii, for example (PENJA), another unique letter from the species name was used. In the case of Penicillium janthinellum and Penicillium janczewskii, the entries would be PENJA and PENJZ, respectively.
Results
Using the procedures described in the 'Methods' section, we have collected a total of 453 characterized GH enzymes of fungal origin. They come from 131 different fungal species (Table 3) , most of which are from the phylum Ascomycota. The genus Aspergillus encompasses the largest number of characterized GH proteins with Aspergillus niger in the lead accounting for 47 enzymes. The collected enzymes represent 49 different GH activities and cover 44 of the GH families described in CAZy (1-5) ( Table 4 ). All of these enzymes were extracellular, with 443 enzymes as soluble extracellular proteins and only 6 that were shown to attach to the external cell wall.
Distribution of enzyme activities
Cellulases comprise $27% of the characterized GH in this database. Collectively, they cover nine different GH families. The 63 endoglucanases represent activity type that has the most published characterization data. The majority belongs to GH5. The cellobiohydrolases 
XEG Catalyzes the hydrolysis of bonds involved in xyloglucan chains
This table lists the different enzyme activities collected in the literature survey. A combination of BRENDA <http://www.brenda-enzymes .org/> and The GO <http://www.geneontology.org/> were used to give a definition of each activity type and alternate names. The common, simpler enzyme name is used followed by the systematic name used by BRENDA. A three-letter code was used to represent the activity of the enzyme in the gene name and entry name. Codes were selected based on the most commonly used code for a particular activity in the literature. These codes were used in the standardized naming process. ..................................................................................................................................................................................................................................................................................... ..... Orpinomyces joyonii ORPJO 1
Orpinomyces species ORPSP 3
Piromyces equi PIREQ 2
Piromyces species PIRSP 7
This table lists the species of fungi and the number of characterized glycoside hydrolases collected from each. They are listed according to phylum. The species name used in this research is listed on the left, while any other names used for the same species are listed under 'Alternative Names'. The five-letter codes used for the standardized naming of genes are also listed here. The codes follow a naming system used by UniProt. The first three letters represent the genus and the last two letters represent the species of the fungus. ..................................................................................................................................................................................................................................................................................... .....
come from GH6 and GH7 with 11 and 18 proteins, respectively. The b-glucosidases also cover two families with 7 from GH1 and 22 from GH3. With 64 entries, xylanases have the highest number characterized of any activity type. The xylanases come from GH families 10 and 11 for the most part. A single xylanase, XYN7A_PENFN, contains a GH7 domain (31, 32) , which is unusual. No other literature in the collection described a xylanase from GH7. Other xylan-active enzymes collected included b-xylosidases, arabinoxylan arabinofuranosidases and a-glucuronidases.
Several different types of arabinan-active enzymes are represented in the collection. There are three endo-arabinanases and two exo-arabinanases, belonging to GH43 and GH93, respectively. We also collected 17 enzymes having a-arabinofuranosidase activity. These enzymes act on arabinans as well as arabinosyl side chains attached to other polysaccharides. They are divided among GH families 43, 51 and 54.
The mannan-active enzymes collected in the greatest number are the b-mannanases. There are 11 enzymes with 8 from GH5 and 3 from GH26. Some showed high thermostability having optimal temperatures as high as 798C. b-Mannosidases also act on the main chain of mannans. Two b-mannosidases, both from GH2, were collected.
Mannans may have other sugars such as glucose incorporated into the backbone or galactose present in side chains. Enzymes with different specificities are required to hydrolyze these residues. One example of these types of enzymes is a-galactosidase, which is represented in the database by six enzymes from GH27 and seven from GH36.
Pectin, another common lignocellulose polymer, can occur in a variety of forms. It is mostly composed of galacturonic acids, which can alternate with rhamnogalactuonans in the main chain, or have branches composed of a variety of different residues. All of the glycoside hydrolases active on the main chains of pectins are from GH 28. There are 54 in total with 40 having endo-polygalacturonase activity, 9 having exo-polygalacturonase activity, 3 having endo-rhamnogalacturonase activity and 1 each of exorhamnogalacturonase and xylogalacturonase.
Chitin, inulin and starch are also components of biomass. The two major enzymes active on chitin are chitinases and chitosanases. Characterized chitinases are the more numerous of the 2 with 13 in the database, all of which are from GH18. Three chitosanases were collected; one from GH2 and two from GH75. The characterized inulin-active enzymes mostly come from GH32 except for one invertase with a GH31 domain. This invertase along with the GH32 invertases and endo-and exo-inulinases add up to a total of 21 inulin-active enzymes. There is a greater variety of glycoside hydrolases active on starch compared to chitin and inulin. Some of these include a-amylase, glucoamylase, oligo-1,6-glucosidase, dextranase and trehalase.
A variety of enzymes active on non-cellulosic b-glucans were collected as well. The most abundant are the 16 exo-1,3-b-glucanases from GH families 5, 17 and 55.
We have cataloged a limited number of characterized enzymes for other GH activity types including a-rhamnosidase, oligoxyloglucan cellobiohydrolase, mutanase, b-galactosidase, a-1,2-mannosidase, endo-N-acetylglucosaminidase and galactanase to name a few. For more details 
The mycoCLAP database
The mycoCLAP collection of fungal enzymes is searchable by BLAST alignment using a query sequence or by keywords. A BLAST search will display entries most similar to the query while a keyword search displays results in a tabular format (Figure 1) . The results table lists enzymes by their unique entry name followed by the corresponding data. Results can be filtered by selecting or deselecting specific entries in the search page. A browsing option is also possible by leaving the keyword fields blank and clicking on the 'Search' button. Selecting an entry name leads to the gene page containing all the data, sequences and literature related to the enzyme (Figure 2 ). The download option allows a user to download data text and/or sequences in fasta format. The types of data to be downloaded are selected in the same way as the keyword search. Individual enzymes, or a subset of them, can be selected for download by using the check boxes on the left of the results table. mycoCLAP also provides a list of resources for various annotation tools and ongoing sequencing projects. They are listed under the tab 'Useful Links' along with a short description.
Users are encouraged to add new entries and make corrections to existing entries using the 'New Entry' and 'Correction' forms. A curator will review each submission before any changes or additions are made to the database.
The database CAZy is a well-maintained and comprehensive resource for carbohydrate-active enzymes while mycoCLAP in its current stage of development with the focus on fungal glycoside hydrolases is far less comprehensive. The major difference between these two databases is that mycoCLAP contains only sequences whose products have been biochemically characterized, whereas CAZy includes sequences with predicted function. mycoCLAP also provides a BLAST resource, an important tool in the annotation of novel sequences, and this feature is not available in CAZy. Using BLAST to search only the characterized enzyme database allows the closest related sequence with experimentally documented characteristics to be rapidly located. It also provides relevant structural and biochemical data extracted from published literature in an easy-to-view format. It should be noted that mycoCLAP is focused on natural diversity and does not yet include engineered or evolved variants of naturally occuring fungal enzymes.
Conclusion
Characterized glycoside hydrolases were identified from literature obtained through BRENDA, PubMed, Google Scholar and myNCBI. Their properties were collected in a spreadsheet and the corresponding gene and protein sequences were collected from GenBank and UniProt. Figure 1 . mycoCLAP search page. The main search page from mycoCLAP is shown here. Keywords such as enzyme activity, glycoside hydrolase family or a substrate name can be entered as search terms. Leaving the field blank and clicking on 'search' allows a user to browse the database. The information recorded during the curation process has been divided into six categories shown here; Enzyme Name, Biochemical Properties, Annotation, External Resources, Protein Features and Sequence. By checking boxes under these categories a user can determine which types of information will be displayed on the results page. The default settings are shown here. The tabs along the top allow quick and easy navigation through all of mycoCLAP's features.
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Standardized functional annotations from
The GO and The EC were assigned based on findings from the literature. The collected data and assigned annotations were then deposited in mycoCLAP.
The mycoCLAP database is intended to facilitate the annotation of glycoside hydrolases active in the decomposition of plant biomass by providing a mechanism for comparison of novel sequences to a set of sequences whose gene products have been characterized. Such comparisons should result in decreased occurrence of false positives in searching for homologs, shortened times for the sorting process and expedition of the identification of targets to guide experimental analysis.
The curation of characterized GH data is an ongoing project that will be continually updated and expanded. Currently, characterized carbohydrate esterases, polysaccharide lyases and lipases involved in biomass degradation are being curated for incorporation into mycoCLAP. Future work will include the collection of other characterized lignocellulose-active enzymes such as peroxidases, cellobiose dehydrogenases, proteases as well as engineered versions of these characterized enzymes. Using the methods outlined, we believe that we have exhausted the literature describing fungal glycoside hydrolysis. However, there is no way to be sure that all the relevant literature has been collected. With the efficient breakdown of biomass for the production of biofuels and bioproducts becoming more and more important, new information will constantly become available. With the continuing contribution from our curators and the help of submissions from other researchers in the field, the database will be regularly updated and thus provide the fungal research community with the latest and most comprehensive collection of knowledge and data.
While mycoCLAP offers a detailed, searchable database that can be used to survey and rapidly locate information on characterized, sequenced, lignocellulose-active enzymes, it is important to recognize the limitations it has as a comparative tool. Some parameters such as temperature and pH optima for different enzymes can, with some care, be compared with one another. Others, such as V max and K m , which are dependent on parameters such as temperature and pH, were not always performed under optimal conditions. For these parameters, the user should refer to the original articles for additional details. Finally, it is not often appreciated that reducing sugar assays can give quite different results depending on the method used (33), as can protein assays. Hence, it is very difficult to compare the specific activities of different enzyme preparations unless the same activity and protein assays were used.
